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Analysis of lean manufacturing 
strategy using system dynamics 
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Abstract
Purpose – A system dynamics-based methodology is described for 
analysing the impact of lean manufacturing strategies on a 
company’s business performance, using Business Model Canvas 
perspective. 
Design/methodology/approach – A case study approach is used to 
describe the methodology which consists of conceptualizing a 
system dynamics model on the basis of Business Model Canvas. The 
base system dynamics model is elaborated to include variables 
and concepts that consider the effects of lean manufacturing 
metrics on business performance. In the modelling 
experimentation, the lean manufacturing metrics are made to take 
on likely values one would expect if certain lean practices are 
initiated or improved. The experimental results provide one with 
the likely impact on business performance, if one were to 
improve lean manufacturing practices.
Findings – The simulation results for the case study show that 
lean improvements, on the short-run, have a significant impact 
on business performance, but on the long-run, the impact is only 
marginal. 
Research implications/limitations –The described methodology 
provides one with a structured format for investigating the 
impact of lean practices on business performance. Although the 
developed system dynamics mode  was built with generality in 
mind, it remains to be reproduced in other settings to test its 
replicability
Practical implications – The methodology enables an organization 
target which lean improvements to initiate based on their 
strategic impact on the business.
Originality/value – Limited studies exist where system dynamics 
and business models are combined to test the strategic impact of 
lean manufacturing.
Keywords – System dynamics; Business model; Lean manufacturing
Paper type Research paper
1. Introduction
The concept of business model is still in the early stages 
of development. Although there is no agreement on a 
definition, business models have recently become a new 
level and unit of analysis for organization and strategy 
research (Zott et al. 2011). The study of the dynamics of 
business model evolution has a great promise to enhance the 
understanding of how organisations create and capture 
wealth (Zott and Amit, 2013). Modelling software tools are 
able to estimate and analyse about possible outcomes of 
complex systems. Especially, System Dynamics (SD) is a 
computer simulation modelling tool that excels at capturing 
cause and effect relationships, delays, non-linear effects 
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and feedback effects of complex systems in a specified 
period of time. Sterman (2000) discussed that SD modelling 
can be applied for studying business scenarios. Applied to 
the business context, SD modelling can organize the 
descriptive information, build on the managers’ knowledge 
from experience, and reveal the variety of dynamic 
behaviours that stem from different choices of strategies 
(Forrester, 2007a). Unlike spreadsheet or discrete event 
simulation methods, SD is grounded in subjective thinking 
with regard to the understanding of the “physics” (dynamic 
behaviour) of the components of the system. 
The consequences of strategic initiatives inherently 
change one or more of the core characteristics of 
businesses and, thus, are time and cost intensive. 
Nevertheless, long term strategic decisions are driven by 
qualitative analyses based on experience and intuition, 
which frequently fail to predict the real consequences of 
these for organisations (Groesser and Jovy, 2015). Business 
models on their own are unable to quantify the benefits of 
strategic initiatives or operational improvements. 
Meanwhile, one may need to define additional operational 
activities when using standardized business models such as 
the European Foundation for Quality Management or Shingo 
Prize models, if one wanted to analyse detailed operational 
aspects (Duarte and Cruz‐Machado, 2013), such as lean 
manufacturing practices. Business models on their own are 
also weak in capturing the evolution of a system, since 
they are typically used to depict a snapshot of specific 
time frames. This study considers business models as 
interdependent activity systems, which describe how firms 
create and capture value for customers. Then, system 
dynamics can potentially assess business strategies 
providing insights about the type and magnitude – 
quantitative evaluation – of their consequences for 
business models, as a new unit of analysis. From a review 
of the current literature, there has been very little 
investigation in this field, which motivates the present 
work. This research uses a case-study approach to 
demonstrate how system dynamics can be used for analysing 
the impact of operational-level lean strategies on a firm’s 
business model. In the current context, reference to lean 
strategies is taken to mean a combination of lean policies. 
Lean policies are the decisions to improve lean metrics, 
for example reducing production defect rate by say 10% per 
year by improving lean practices. The improvements in lean 
metrics and lean practices make up lean improvements. Lean 
practices encompass work habits and management practices 
aimed at eliminating waste and enhancing continuous 
improvement, and by so doing improve lean metrics. A case 
study print packaging manufacturer is used to demonstrate 
the proposed methodology. 
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The main purpose of the current research is to assess the 
impact of lean manufacturing strategies prior to 
implementing them, taking into consideration the business 
model of the organization. A system dynamics model, 
consisting of sub-models to represent various aspects of 
the business, is built on the basis of the company’s 
Business Model Canvas (BMC). A Business Model Canvas is 
considered because of its ability to capture, in a holistic 
way, the key elements that describe the business and its 
value chain. It is able to concisely depict what is 
happening in the business, which can then be formalised 
using a SD model. The BMC like other business models may 
need to be elaborated to include additional variables and 
concepts. In the current study, the base SD model from the 
BMC is therefore elaborated to include variables and 
concepts that consider the effects of lean manufacturing 
metrics on business performance metrics. In the experiments 
using the SD model, the lean manufacturing metrics are made 
to take on likely values one would expect if certain lean 
practices are initiated or improved. The experimental 
results provide one with a guide to the type of lean 
practices improvements that one should be looking at. In 
order to present the entire work, the remainder of the 
article is structured as follows: section two lays out a 
review of the literature on system dynamics and business 
modelling as well as how the impact of lean manufacturing 
is often assessed, section three is concerned with the 
methodology used to construct the SD model, section four 
presents the case company, indicates step-by-step the 
application of the modelling method to the case study and 
describes the specific SD model validation and simulation 
results. Section 5 discusses the insights derived from both 
the application of the modelling method and the results of 
the simulations. Lastly, section 6 concludes by summarising 
the findings of the study and introduces guidelines for 
future research. It is believed that the present research 
contributes to the knowledge by proposing a structured 
methodology for building SD firm-level models. Besides, 
this study serves as an empirical example of a real 
business applying system dynamics as a lean operational 
strategic planning tool. The current research combines SD, 
BMC and lean.
2. Literature review
2.1 Concept of business model and its representation
In the 1990s, the Internet revolution triggered the 
introduction in the business jargon of a novel term: the 
business model (Zott et al. 2011). In the present research, 
business models are understood as interdependent activity 
systems, which describe the three mechanisms of value 
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capture, value proposition and value creation and delivery 
inherent in every organisation. In recent years, business 
models have become a new unit of analysis for 
organisational strategy. Duarte and Cruz‐Machado (2013) 
provide a comprehensive list of business models that are 
used in relation to lean manufacturing. These include The 
European Foundation for Quality Management model, The 
Shingo Prize model, The Malcolm Baldridge Award and 
International Standard ISO 9001. These models are typically 
award-based, are involved and the maturation period can 
extend months and even years. Others are specialized, such 
as Six Sigma and are useful where one needs to focus on 
specific areas for example Quality Management.  Zott and 
Amit (2013) recognise the study of the dynamics of business 
model evolution as a great promise to enhance the 
understanding of how organisations create and capture 
wealth. Abdelkafi and Täuscher (2016) demonstrated in their 
work the potential of SD modelling applied to capturing the 
dynamics of business models, in the context of 
sustainability. Nevertheless, they did not specifically 
describe methods for depicting the business model of an 
organisation.
Osterwalder and Pigneur (2010) designed the well-known 
Business Model Canvas (BMC) – illustrated in Figure 1. The 
nine basic building blocks of this tool graphically 
describe the rationale of how a business creates, delivers 
and captures value. The reasoning behind the BMC is that a 
company’s overall business can be mapped using nine key 
building blocks: customer segments that describes those who 
pay for the company’s goods and services; value proposition 
that defines the underlying customer value such as quality 
and pricing; channels through which the customers are 
serviced; the customer relationships that the company has 
to establish to ensure customer value is sustained; the 
revenue that is generated through selling to the customer; 
the key resources that are used to deliver value; the key 
activities such as production, finance and sales/marketing; 
key partners the company works with such as suppliers and 
the cost structure of the business i.e. what adds to the 
cost of providing the value to the customer.
The BMC is a simple, relevant, and intuitively 
understandable tool for describing and analysing business 
models and has found acceptability in many organizations. 
However, the BMC on its own is limited in the sense it that 
it fails to capture the dynamics of business 
interrelationships. Moreover, it does not indicate the 
future state of the business. These limitations can be 
overcome by applying computational modelling methods such 
as system dynamics.
Figure 1. The Business Model Canvas (Osterwalder and Pigneur, 2010)
International Journal of Lean Six Sigma
International Journal of Lean Six Sigm
a
5
2.2 System dynamics modelling as a complimentary tool 
in organizational research
As defined by Sterman (2000), “system dynamics (SD) is a 
perspective and set of conceptual tools that enable us to 
understand the structure and dynamics of complex systems”. 
It has demonstrated its potential to capture long-term side 
effects of decisions, speed learning, develop our 
understanding of complex systems, and design structures and 
strategies for greater success (Sterman, 2000). Thus far, 
several studies have applied SD modelling to a wide range 
of challenges related to lean supply chain, manufacturing 
productivity, cost performance and change management, among 
several other topics (Rodrigues and Dharmaraj, 2006; Uribe, 
2008; Carvalho et al. 2011; Deif and ElMaraghy, 2014).
System dynamics has been repeatedly applied as a 
complementary modelling tool. For instance, Reiner (2004) 
combines SD with discrete event simulation (DES) for 
designing business processes. Furthermore, previous 
investigations have demonstrated the usability of SD for 
overcoming the limitations of traditional management tools; 
such as, Business Process Flow Chart, Balanced Scorecard 
and Business Model Canvas (An and Jeng, 2005; Zhang and Li, 
2008; Camila Romero et al. 2015). In a recent research, 
Groesser and Jovy (2015) aimed at capturing the business 
model of a company in the e-commerce sector, using SD.
There have been very limited studies, such as Groesser 
and Jovy (2015), Abdelkafi and Täuscher (2016), that have 
applied SD to study firm-level business models. None of 
them propose a detailed and structured method for 
translating a business model into a firm-level system 
dynamics (SD) model. Therefore, the construction of such SD 
models for other investigations seems difficult to 
replicate. 
2.3 Assessing the impact of lean manufacturing 
strategies
Lean manufacturing is often promoted as a means of 
improving organizational performance (Stone, 2012), even 
though the principles direct one to focus on customer value 
enhancement through the elimination of waste and 
improvement of flow (Cudney and Elrod, 2011). Shah and Ward 
(2003) have to date provided one of the most comprehensive 
list of lean manufacturing practices, tools, bundles and 
performance indicators. 
Lean metrics are the measurement items for tracking the 
performance of lean practices (Oleghe and Salonitis, 2015). 
Examples in the literature include machine breakdown 
frequency for Total Productive Maintenance practices 
(Oleghe and Salonitis, 2016); time to adjust production for 
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Manufacturing Flexibility (Ali and Deif, 2016); defect rate 
for Quality Management (Omogbai and Salonitis, 2016) and 
manufacturing cycle time for Kanban (Roth and Franchetti, 
2010)
A number of tools and methods have been promoted for 
investigating lean manufacturing and its performance 
(Oleghe and Salonitis, 2018). Topmost are those that guide 
one through various stages in a lean transformation journey 
such as the Lean Enterprise Self-Assessment Tool (LAI, 
2012). These methods provide one with a holistic snapshot 
of current as-is lean state. If one required a more 
detailed analysis and to project the impact of lean 
interventi ns into the future, simulation modelling is 
often advised (Robinson et al. 2012). 
Investigating lean manufacturing on the basis of 
simulation modelling has been made possible using discrete 
event simulation, system dynamics and agent-based modelling 
(Ali and Deif, 2016; Omogbai and Salonitis, 2016; 2017; 
Frazzon et al. 2017). Rarely are the simulation-based 
investigations concerned with the company’s overall 
business strategy, for example, looking at how lean 
manufacturing efforts can be used to improve market share 
and profitability.
Table I has been used to indicate the representative 
works on SD/BMC; lean manufacturing/SD and lean 
manufacturing/BMC. We did not find any studies combining 
SD, BMC and lean manufacturing. There seems also to be a 
paucity of studies in the area of using SD to assess the 
impact of lean manufacturing on overall business strategy 
and performance.
Table I. Representative studies relating to SD/BMC, Lean/SD and 
Lean/BMC
3. Modelling methodology
The present modelling methodology was designed according to 
the principles indicated by Sterman (2010). The ultimate 
goal of the procedure is to develop a SD model for 
assessing the consequences of introducing strategic 
initiatives for a firm’s business model. Fig. 2 summarises 
the proposed modelling methodology applied in the present 
study. 
Figure 2. The proposed modelling methodology
3.1 Depict Canvas Business Model
The content of the SD model is grounded on the BMC of the 
firm. Completing the nine building blocks of the BMC (Fig. 
1) would generate an effective depiction of a firm’s 
business model. The managers of the company provide this 
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information and, therefore, the resulting capture of the 
business model is subjected to the managers’ understanding 
of the organisation.
3.2 Define the target strategy
As Sterman (2000) argues, SD models must address a specific 
and clear goal, and simplify rather than try to reproduce 
whole systems in detail. Thus, a clear definition of the 
strategic initiative under analysis is required at the very 
beginning of the modelling process. Managers have to 
describe the specific strategy that the firm is willing to 
implement. Besides, the consequences of the policy for the 
different elements of the business model might be outlined 
at this phase. This way, the purpose and scope of the SD 
model are determined, and then the time horizon is 
established accordingly.
3.3 Divide into sub-models: value proposition, value 
creation and value capture
Bocken et al. (2015) condensed the BMC into three subgroups 
with which one can place the nine building blocks of the 
BMC. These three subgroups include Value Proposition 
(consisting of the value proposition, the customer 
segments, customer relationships and the channels), Value 
Creation (consisting the key resources, key activities and 
key partners) and Value Capture (consisting the cost 
structures and revenue streams). 
The value proposition denotes the value offered by the 
firm to its customers: what value is provided and to whom? 
Note that the value proposition can be interpreted as the 
value perceived by the customers, or, on the contrary, can 
be defined from the firm’s viewpoint as a measure of its 
competitiveness (Bocken et al., 2015). The present research 
takes the value proposition with regard to the customers’ 
perspective, since it relates more closely with the lean 
manufacturing strategy that is being considered by the case 
study company. Value creation is operationalized as the 
firm’s capacity of creating value and derives from its key 
resources and processes: how is value provided? The value 
capture represents the value that the firm generates for 
itself from its value proposition: how does the company 
make money or others forms of value? Overall, these three 
mechanisms of value proposition, value creation and value 
capture are generic and are present in most, if not all, 
organisations. Abdelkafi and Tauscher (2016) went further 
to develop a SD-based Business Model for Sustainability, 
using these three subgroups as the foundational building 
blocks upon which their SD model was built. The condensed 
BMC presented by Bocken et al. (2015) which Abdelkafi and 
Tauscher (2016) later on modelled using SD, provides one 
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with a basis for conceptualizing the SD model in the 
proposed modelling methodology.
3.4 Establish variables and stock and flow structures
Once the firm’s business model and the SD model scope have 
been defined, the next step consists of expressing the 
business model into the SD notation. The aim is to 
determine relational dynamic hypotheses and build causal 
loop diagrams and stock and flow diagrams. Managers and 
modellers have to work in conjunction to devise plausible 
cause and effect relationships. These associations can be 
set within or between the sub-models. While the BMC serves 
as the basis for the SD modelling concept, the SD models 
would still need to be used to address specific problems. 
The nature of the problem and the context defines the key 
variables to include and exclude from the models (Sterman, 
2000). For example, a company may use various channels to 
reach its customers, however, one or a few would account 
for majority of channel activities. It may be expedient to 
model the major ones and not all channels in the SD model 
for the company. 
3.5 Construct the SD model
This phase involves testing the dynamics hypothesis of the 
previous stage. The sub-models are linked and the system is 
evaluated as a whole. Estim ted data is here inputted into 
the model for performing reality checks of the model 
behaviours. As a result of the testing process, the 
modelling becomes at this point an iterative procedure, in 
which hypotheses of the prior phase are constantly reviewed 
and reformulated. This process continues until a fully 
formal model, complete with equations, parameters and 
initial conditions, is reached.
3.6 Verify and validate formally the SD model
No model can be accepted unless it has been formally 
validated, since the process of validation is vital to 
establish the credibility of the model (Martis, 2006). 
Forrester and Senge (1980) identify a set of tests which 
are considered as core tests in SD. Structure Verification 
Test consists of double-checking whether the model conforms 
to the specifications and assumptions about the structure 
of the business, and have most of its relevant elements. 
Dimensional Consistency Test verifies whether all equations 
are dimensionally balanced. Most SD software come with 
standard features for checking dimensional consistency- a 
tool for detecting dimensions’ discrepancies in the 
equations. The model is subjected to this test for 
challenging the consistency of the equations. These two 
tests have been selected due to their potential to verify 
whether the model has been correctly implemented as a 
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whole. They confirm the structure of the model and the 
reliability of the relationships between variables.
Extreme conditions check tests every equation in the 
model to ensure they make sense even if subjected to 
extreme but possible values of variables. This test showed 
that every equation in the SD model reproduces concrete 
relationships within the company, under positive values of 
the variables. Negative values do not reflect the reality 
of the business and, therefore, the equations are not 
reliable under such negative figures. The inherent nature 
of the equations does not allow the variables to take 
negative values in any case.
The boundary adequacy test verifies if the model 
structure is appropriate for the identified problem. The 
model aims to assess how lean manufacturing improvements 
could affect the case company, specifically, to the 
customer population, the value propositions and the 
production process. The relationships between these 
elements are captured in the model, so that the feedback 
effects between them can be observed over time. The 
mechanisms by which the market grows or decreases are not 
considered to be relevant for the model purpose. In the 
same way, the moneta y and time investment in lean 
manufacturing policies has not been included in the model. 
The interactions between the case company and the suppliers 
have been omitted from the model, since supplier management 
enhancements would not be implemented within the target 
time span of the model
Extreme-Condition Sensitivity Test determines whether 
extreme shifts in parameters can cause model to fail 
behaviour. These extreme conditions do not normally occur 
in real life, but the resulting model behaviour can be 
easily predicted. Thus, the confidence in the model is 
enhanced if the model behaves as expected. The suitability 
of this test for validating SD models have been widely 
recognised in the literature (Uribe, 2008). 
3.7 Simulate the model: baseline and target strategy
Once confidence is developed in the model, the model 
becomes a powerful tool for evaluating the consequences of 
introducing strategic initiatives for the organisation’s 
business model. The model should be simulated under the 
current scenario, and then evaluate the outcomes of 
introducing the target policy. Several situations can be 
assessed by just varying the model parameters.
3.8 Interpret results and recommend policies
Finally, the results have to be critically considered for 
providing fruitful insights about the realm of the 
organisation’s business model. The robustness and 
sensitivity to uncertainties of the recommended strategies 
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must be valued. 
4. Case study demonstration of the designed 
methodology
A case study approach was adopted to conduct this research. 
The case study company is an SME print packaging 
manufacturer that primarily produces printed labels and 
wrapping solutions. The company initiated to embrace lean 
manufacturing principles about 3 years ago as a means of 
sustaining business growth and competitiveness. Currently, 
customer orders are predicted to grow by 20% in the next 
two years. Yet, it is not intended to increase 
manufacturing capacity by adding more machines or 
production shifts. Rather, the company sought to improve 
the performance of its lean manufacturing practices, but 
needed to know what the likely impact on its business 
performance would be. Performance of its lean manufacturing 
was gauged along the following lean metrics namely: 
reduction in machine breakdowns, defect rate, manufacturing 
cycle time, as well as improvement in production schedule 
and manufacturing flexibility. By first establishing how 
improvements in these parameters would impact overall 
business performance, the company could thereafter pinpoint 
specific lean practices to implement or improve. 
Fig. 3 shows the estimated pattern (reference mode) for 
manufacturing lead time and market share for the case 
study, if the strategy is one that maintains status quo. An 
exponential trend is predicted because the manufacturing 
operations would increasingly find it difficult to cope and 
customers would gradually be dissatisfied as lead time 
increases. Ideally the reference mode should be generated 
from available quantitative data (Elias, 2016). It is also 
possible to estimate behaviour over time using qualitative 
information that is available about the system (Sterman, 
2000).
Figure 3. Reference mode showing pattern of manufacturing lead time for a strategy to maintain status 
quo
4.1 Construction of the SD model
Key employees in the company participated in building the 
BMC for the company. The key employees included the 
managers in the production, sales, supply chain and 
finance. They were asked to provide information relating to 
the BMC building blocks. For example, the Sales Manager 
provided information regarding the various sales channels 
used as well as the key customer requirements. The Finance 
manager provided information about the cost structure. The 
engagement of the managers increased their participation 
and interest in the model building which encouraged them to 
add further inputs. The participation of the managers 
enabled the model to be validated as it was being built and 
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also helped them understand its purpose. It took roughly a 
week to get the necessary inputs to build the BMC for the 
company, which was one of the reasons for using a top-level 
quick turnaround tool such as the BMC. Subsequent data 
needs for coding the eventual SD model were collected later 
on whereby the managers involved were asked to provide 
information specific to coding the model. In a way, the BMC 
and the SD model provided one with a structured data 
collection approach. Fig. 4 shows the eventual BMC that was 
generated for the case study.
Figure 4. Business Model Canvas of the Case Company
The generic structure of the three value exchanges was 
embedded into the SD model. The approach enabled partial 
modelling and organised the content of the BMC in the SD 
model. This way, the subsequent construction of the SD 
model was simplified and streamlined.
The SD model was constructed using the software AnyLogic 
7.3.4. Figure 5 shows the value proposition sub-model. The 
process of new customer acquisitions was represented 
through the widely-accepted Bass Diffusion Model. The 
stocks Potential Customers and Customers represent the 
total population in the market, which raises at the rate of 
Market Growth. New customers are adopted from the stock of 
Potential Customers at the Adoption Rate. At the same time, 
the pool of Customers is depleted at the Loss Rate, which 
depends on the Customer Loyalty. Two variables define the 
Adoption Rate; on the one hand the Adoption from Agents 
variable reproduces the communication between sales agents 
and third-party customers; moreover, the adoption of 
certain customers is driven by word of mouth (WOM).
Figure 5. Value proposition sub-model for the case company
Furthermore, the value proposition, as seen by the 
customers, was constituted by six variables that shaped the 
overall Customer Satisfaction. Following the guidelines of 
Kristensen et al. (1992) ‘On measurement of Customer 
Satisfaction’. Table II was constructed for defining the 
elements relevant for the value proposition. The relative 
importance of each factor was determined by the case 
company managers, as well as the potential performance 
indicators for its measure.
Table II. Elements of the value proposition
Fig. 6 shows the value creation sub-model. The Order 
Backlog stock is the difference between the Order Entry 
International Journal of Lean Six Sigma
International Journal of Lean Six Sigm
a
12
Rate and the throughput. When customers place job orders, 
they are advised of an Agreed Lead Time to completion which 
includes a certain safety Production Cushion to reduce the 
risk of late deliveries. All the while, the product of the 
Order Backlog by Cycle Time determines the Target Lead Time 
as seen by the production process, which is also affected 
by the Order Size. The Desired Throughput is then scheduled 
according to the level of the Order Backlog and the Target 
Lead time. Finally, the Throughput takes the value of the 
Desired Throughput after the delay correspondent to the 
Time to Adjust Production. However, the Defect Rate, 
Breakdowns and the Mean Time to Repair variables constantly 
alter the Throughput.
The inverse of the Cycle Time, measured in time between 
produced orders, equals to the maximum Capacity. The 
Capacity Utilisation is then determined by the Throughput 
rate and the time wasted due to defects and breakdowns. 
When the Capacity Utilisation reaches 100 % the Order Entry 
Rate is limited as the system is not able to further 
increase production.
Figure 6. Value creation sub-model for the case company
Lastly, Fig. 7 depicts the mechanism of value capture. 
The Accumulated Profit stock is filled by the Profit of 
each month, which depends on the orders delivered and the 
Profit per Orders – difference between the Revenues per 
Order and the Cost per Order. The revenues structure is 
formed by the direct sales at a certain Price and the 
shipping service to customers at a Dispatch Service Price. 
The costs structure has been simplified into Manufacturing 
Cost and Other Costs associated per order produced.
Figure 7. Value capture sub-model for the case company
Fig. 8 depicts the business model of the case company in 
SD notation, where the value proposition, creation and 
capture sub-models have been interconnected. 
 
Figure 8. System dynamics model of the case study company depicting its business model
The Adoption Rate of customers, as explained before, is 
the sum of the rates of Adoption From WOM and Adoption from 
Agents (see Eq. 1).
(1)𝐴𝑑𝑜𝑝𝑡𝑖𝑜𝑛𝑅𝑎𝑡𝑒 = (𝐴𝑑o𝑝𝑡𝑖𝑜𝑛𝐹𝑟𝑜𝑚𝐴𝑔𝑒𝑛𝑡𝑠 +  𝐴𝑑𝑜𝑝𝑡𝑖𝑜𝑛𝐹𝑟𝑜𝑚𝑊𝑂𝑀)
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The Agent Effectiveness is defined as the fraction of the 
Potential Customers population that place an order as a 
result of the advertising of the sales agents (see Eq. 2)
(2)𝐴𝑑𝑜𝑝𝑡𝑖𝑜𝑛𝐹𝑟𝑜𝑚𝐴𝑔𝑒𝑛𝑡𝑠 = 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 𝐴𝑔𝑒𝑛𝑡𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠
The WOM effectiveness and the Adoption From WOM are 
similarly related. The Loss Rate (see Eq. 3), the ratio at 
which the Customers stock is emptied, is determined as the 
percentage of customers that do not repurchase (i.e. 1-
Customer Loyalty). However, this effect is not 
instantaneous, since an unsatisfied customer would take 
certain time to look for another printed packaging 
provider. This delay in time was approximated to 6 months.
(3)𝐿𝑜𝑠𝑠𝑅𝑎𝑡𝑒 = 𝑑𝑒𝑙𝑎𝑦((𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 1 ― 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝐿𝑜𝑦𝑎𝑙𝑡𝑦100 ),6)
The formula for the Customer Loyalty was approximated to 
be a linear function of the Customer Satisfaction (see Eq. 
4), as proposed by Reiner (2004). This relationship is only 
significant in the case of small changes in customer 
satisfaction.
(4)𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝐿𝑜𝑦𝑎𝑙𝑡𝑦 = 0.75 + 0.58 ∗ (𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑆𝑎𝑡𝑖𝑠𝑓𝑎𝑐𝑡𝑖𝑜𝑛100 ―  0.67)
As regards the calculation of the Customer Satisfaction, 
each of the selected value propositions appear in the 
formula as ‘Variable Value * Variable Weight’ (these 
weights were exposed before in Table II). The values of all 
these variables were determined using Table Functions, 
which are tables of values used for specifying non-linear 
relationships. Table Functions are easily illustrated with 
an example: Relative Lead Time (Eq. 5). was defined as 
follows:
(5)𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒 = 𝐴𝑔𝑟𝑒𝑒𝑑𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒𝑀𝑎𝑟𝑘𝑒𝑡𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒
The Table Function for the Relative Lead Time takes the 
value of the Eq. 5 as an argument. Then, as seen in Fig. 9 
(Table Function for the Relative Lead Time), the table 
returns a value between 0 and 100 corresponding to the 
resulting value for the Customer Satisfaction. The profile 
of the curve intends to capture the effect of the relative 
lead time to the customer satisfaction. If the lead-time is 
close to the market lead-time, the effect on customer 
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satisfaction is minor. Yet, the influence in the customer 
satisfaction grows exponentially as the difference between 
the two lead-times is more significant. The specific 
correspondence of figures between relative lead-times and 
customer satisfaction was adapted from Uribe (2008). For 
the other value proposition elements, the same non-linear 
relationship and correlations to customer satisfaction 
changes were established.
Figure 9. Table Function depicting the relationship between customer satisfaction and relative lead time
Equation 6 shows how the Table Function is called in 
AnyLogic for the Relative Lead Time versus Customer 
Satisfaction relationship.
𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑆𝑎𝑡𝑖𝑠𝑓𝑎𝑐𝑡𝑖𝑜𝑛 = (…) + 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒_𝑙𝑜𝑜𝑘𝑢𝑝_.𝑔𝑒𝑡(
  (6)𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒) ∗  0.16 + (…)
The Order Entry Rate was calculated as showed in Eq. 7. 
It is considered that every new customer places one first 
order. Thus, the Adoption Rate equals to an Initial 
Purchase Rate as seen by the production system. 
Approximately, the 17.5% of the customer pool place orders 
recurrently at a Regular Purchase Rate, whereas the other 
82.5% purchase irregularly – the Non-Regular Purchase Rate 
was assumed to be one order per year. These proportions 
were taken as constant over time. The Order Entry Rate was 
defined as the sum of the three order rates:
𝑂𝑟𝑑𝑒𝑟𝐸𝑛𝑡𝑟𝑦𝑅𝑎𝑡𝑒 = 𝑅𝑒𝑔𝑢𝑙𝑎𝑟𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑅𝑎𝑡𝑒 ∗ 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 0.175 +  
(7)𝑁𝑜𝑛𝑅𝑒𝑔𝑢𝑙𝑎𝑟𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑅𝑎𝑡𝑒 ∗ 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 0.825 +  𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑅𝑎𝑡𝑒
The case company provided raw data about the frequency of 
order entry. The software Stat:Fit Version 3 was used to 
approximate the dataset into statistical distributions. The 
continuous distribution that best fitted was the lognormal 
(see Eq. 8).
(8)𝑇𝑖𝑚𝑒𝐵𝑒𝑡𝑤𝑒𝑒𝑛O𝑟𝑑𝑒𝑟𝑠 = 𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙(0.0814,0.958,0.238)
Once the Time Between Orders was determined, the 
definition of the Regular Purchase Rate per customer was 
straightforward to define (Eq. 9).
(9)𝑅𝑒𝑔𝑢𝑙𝑎𝑟𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑅𝑎𝑡𝑒 = ( 1𝑇𝑖𝑚𝑒𝐵𝑒𝑡𝑤𝑒𝑒𝑛𝑂𝑟𝑑𝑒𝑟𝑠)
When job orders are placed, the product of the Order 
Backlog by the processing Cycle Time determines the Target 
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Lead Time for production (see Eq. 10). However, it is 
possible that there are no orders queuing in the backlog. 
In such case, the time to delivery equals to the Minimum 
Lead Time to produce one order.
(10)𝑇𝑎𝑟𝑔𝑒𝑡𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒 = 𝑚𝑎𝑥(𝑀𝑖𝑛𝑖𝑚𝑢𝑚𝐿𝑒𝑎𝑑𝑇𝑖𝑚e, 𝐶𝑦𝑐𝑙𝑒𝑇𝑖𝑚𝑒 ∗ 𝑂𝑟𝑑𝑒𝑟_𝐵𝑎𝑐𝑘𝑙𝑜𝑔)
Then, the Agreed Lead Time offered to customers (see Eq. 
11) is calculated as the Target Lead Time plus the safety 
Production Cushion.
(11)𝐴𝑔𝑟𝑒𝑒d𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒 = 𝑇𝑎𝑟𝑔𝑒𝑡𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝐶𝑢𝑠ℎ𝑖𝑜𝑛
The Desired Throughput is the rate at which orders should 
be manufactured (see Eq. 12) Therefore, the division of the 
number of orders in the Order Backlog by the current Target 
Lead time, provided the desired rate of production. The 
real Throughput (see Eq. 13), also specified in orders per 
month, was obtained by applying a delay to adjust 
production and the effects of the defects and breakdowns.
(12)𝐷𝑒𝑠𝑖𝑟𝑒𝑑𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 = 𝑂𝑟𝑑𝑒𝑟_𝐵𝑎𝑐𝑘𝑙𝑜𝑔𝑇𝑎𝑟𝑔𝑒𝑡𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒
𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 = 𝑑𝑒𝑙𝑎𝑦(𝐷𝑒𝑠𝑖𝑟𝑒𝑑𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 ∗ (1 ― 𝐷𝑒𝑓𝑒𝑐𝑡𝑅𝑎𝑡𝑒) ∗ (1 ― 𝑅𝑒𝑝𝑎𝑖𝑟𝐷𝑜w
) (13)𝑛𝑡𝑖𝑚𝑒),𝑇𝑖𝑚𝑒𝑇𝑜𝐴𝑑𝑗𝑢𝑠𝑡𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
The maximum Capacity (see Eq. 14) is measured in orders 
per month, and could be easily obtained as the inverse of 
Cycle Time. The production system is considered to be busy 
when manufacturing job orders, repairing faulty equipment 
and re-processing orders with defects. Then, the Capacity 
Utilisation can be calculated as follows (see Eq. 15).
(14)𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 1𝐶𝑦𝑐𝑙𝑒𝑇𝑖𝑚𝑒
(15)𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑈𝑡𝑖𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 = 100 ∗ ( 𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡(1 ― 𝐷𝑒𝑓𝑒𝑐𝑡𝑅𝑎𝑡𝑒) ∗ (1 ― 𝑅𝑒𝑝𝑎𝑖𝑟𝐷𝑜𝑤𝑛𝑡𝑖𝑚𝑒)𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 )
Throughput represents the rate of shipped orders to 
customers per month. Consequently, the Profit per month 
(see Eq. 16) was determined by multiplying the throughput 
by the equivalent Profit per Order.
(16)𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 ∗ P𝑟𝑜𝑓𝑖𝑡𝑃𝑒𝑟𝑂𝑟𝑑𝑒𝑟
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The Revenues per Order were defined as the sum of the 
Price of one order plus the additional expenses for the 
dispatching service (see Eq. 17). The parameter of Dispatch 
Service Price was set as a percentage of the selling Price. 
Besides, only the fraction of customers indicated by the 
Dispatch Service Rate procured the service. The Cost Per 
Order (see Eq. 18) and Profit per Order (Eq. 19) were 
determined as follows:
𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠𝑃𝑒𝑟𝑂𝑟𝑑𝑒𝑟 = 𝑃𝑟𝑖𝑐𝑒 +  𝐷𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑆𝑒𝑟𝑣𝑖𝑐𝑒𝑃𝑟𝑖𝑐𝑒 ∗ 𝑃𝑟𝑖𝑐𝑒 ∗
(17)𝐷𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑆𝑒𝑟𝑣𝑖𝑐𝑒𝑅𝑎𝑡𝑒
(18)𝐶𝑜𝑠𝑡𝑃𝑒𝑟𝑂𝑟𝑑𝑒𝑟 = 𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔𝐶𝑜𝑠𝑡 +  O𝑡ℎ𝑒𝑟𝐶𝑜𝑠𝑡𝑠
(19)𝑃𝑟𝑜𝑓𝑖𝑡𝑃𝑒𝑟𝑂𝑟𝑑𝑒𝑟 = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠𝑃𝑒𝑟𝑂𝑟𝑑𝑒𝑟 +  𝐶𝑜𝑠𝑡𝑃𝑒𝑟𝑂𝑟𝑑𝑒𝑟
Appendix 1 and 2 contains the full list of parameters and 
governing equations used in the current study.
4.2 Verification and validation of the SD model
The SD model structure captures the structure of the case 
company business. The model architecture has been developed 
grounded on the information provided by the case company 
and organizational relationships found in relevant 
literature. The SD model is founded on generic sustainable 
business model logic as proposed by Abdelkafi and Tauscher 
(2016). The BMC has been validated by the case company and 
depicts the main elements of the system such as value 
proposition or cost and revenue structures. The production 
planning has been modelled based on the relational diagram 
built to capture the specific decision-making process. 
Concrete relationships and dynamic variables have been 
extracted from closely related research papers. 
Based on the aforementioned, the model structure conforms 
to the knowledge about the structure of the business, and 
have most of its relevant elements. Therefore, the SD model 
is consistent conceptually to the reality of the business.
Key variables from the sub-models of value proposition 
and value creation were chosen for the tests, since they 
are central for the lean policy evaluation. For each test, 
the variable is established at its defined minimum and 
maximum. The model passes the test if it behaves as 
expected. We performed a variety of extreme tests on the 
model and found that the overall trends in the model do not 
change as consequence of parameter variations. The 
behaviours are exaggerated or moderated in congruence with 
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the modification of the model variables. Therefore, the 
model approves the extreme behaviour-sensitivity test, and 
enhances the confidence in the model behaviour.
4.3 Simulation results
The specific aim of the SD model was to assess impact of 
lean improvements on the business performance. The proposal 
of simulation experiments naturally stems from this goal. 
In other words, the scenarios were precisely designed to 
address the ultimate model objectives. Table III presents 
an overview of the simulation experiments. The modification 
of the model parameters enables one to generate the 
specific conditions for each experiment (Omogbai and 
Salonitis, 2016). These parameters are independent of other 
variables in the model.
Table III. Simulation scenarios to test with the SD model
The parameters were specifically chosen to characterise 
the effects of the lean improvements. Both the case company 
managers and other studies in the literature (Pellow et al. 
2003; Uribe, 2008), identified delivering on time as a 
critical factor for the satisfaction of customers. In fact, 
keeping lead-times below 3 days was a key performance goal 
for the case company. Consequently, the minimisation of 
lead-times was considered as a central objective of the 
lean practices. Out of the key lean improvements identified 
in the target strategy, five of them were selected as 
pertinent to illustrate the lean policies and their effects 
in the model. These included decreasing defect rates; 
minimising machine breakdowns; reducing the time to adjust 
production; improving the delivery safety time cushion; and 
reducing cycle times. The selected parameters are believed 
to be sufficient enough to exhibit the outcomes of the 
intended lean strategy for the case, since they account for 
majority of what affects manufacturing lead time (Uribe, 
2008; Omogbai and Salonitis, 2016).
The simulation run time is set at 60 months (five years), 
which is the period covered by the forecast of demand 
growth of the case company – from year 2016 until 2021. The 
selected time horizon is adequate for the model purposes, 
since it is long enough for introducing modifications in 
the business processes and for evaluating the consequences 
of the policies for the business. Months are the time unit 
for the simulations.
4.3.1 Scenario 1: Current baseline
The objective of this first experiment is to understand how 
the business ‘as-is’ would react to the increasing demand. 
In strategy management, there is always an option of doing 
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nothing. For example, in the present study, this choice 
would be the most suitable in case all the other considered 
strategic initiatives resulted in worsening the business 
performance.
Fig.10a shows the evolution of the order backlog for the 
base run. The backlog stock is a key component for the 
production system since it directly determines the lead 
time to ship orders – the greater the backlog the longer 
the lead time. As can be seen, the backlog increased 
gradually from month 15 onwards, which indicates that the 
capacity utilisation reached its maximum at this point in 
time. Calculations of the maximum capacity support this: 
total installed processing capacity is approximately 525 
job orders, yet the real capacity oscillates between 340 
and 400 job orders due to waste and delays. On average, the 
initial order entry rate per customer is 0.38 – 995 
customers generate around 380 monthly job orders. After 15 
months, the number of customers is expected to reach 1095– 
an estimated growth of 10% –, which approximates a total of 
416 monthly orders. Thus, the real processing capacity 
would be exceeded in about a 15-month period. Besides, it 
is interesting in this graph that fluctuations of the 
backlog level became la ger between the months 15 and 60. 
This suggests that the production system, when fully 
loaded, is more vulnerable to variations of the demand.
Fig. 11a compares the lead time and the agreed lead time 
for the scenario 1. Logically, the lead time and the agreed 
lead time variables replicated the oscillations of the 
order backlog. Interestingly, from Figure 11a, the 
difference between the two lead times diminished as the 
production system was overloaded during the last months. 
The explanation for this is that the lead time offered to 
customers only depends on the order backlog and the 
installed capacity, while the real lead time is a function 
of the throughput. The influence of the breakdowns and 
defects is more significant in a fully loaded production 
system. 
Throughput remains unchanged (see Figure 12a), 
constrained by the production capacity. This is likely if 
there are no improvements, and the company carries on with 
the status quo. As can be seen from graph Figure 13a, the 
customer satisfaction decreases slightly from month 15, due 
to the longer lead time. In turn, after a certain period of 
time, the market share drops steadily (Figure 14a). The 
overall response of the system can be inferred from the 
evolution of the market share. The results of the baseline 
scenario, as shown in Figure 14a, suggests that the 
production might sustain business growth in the short term. 
Nevertheless, the case company might not remain leader in 
its market as it will not be able to cope with the 
increasing demand in the long run.
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Figure 10. 5-year trend depicting the order backlog: (a) current baseline; (b) scenario 2.1; (c) scenario 
2.2; (d) scenario 2.3
Figure 11. 5-year trend depicting the lead time: (a) current baseline; (b) scenario 2.1; (c) scenario 2.2; (d) 
scenario 2.3
Figure 12. 5-year trend depicting throughput: (a) current baseline; (b) scenario 2.1; (c) scenario 2.2; (d) 
scenario 2.3
Figure 13. 5-year trend depicting customer satisfaction index: (a) current baseline; (b) scenario 2.1; (c) 
scenario 2.2; (d) scenario 2.3
Figure 14. 5-year trend depicting market share: (a) current baseline; (b) scenario 2.1; (c) scenario 2.2; (d) 
scenario 2.3
4.3.2 Scenario 2: Implementation of lean manufacturing 
practices
The case company initiated a lean manufacturing programme 
about three years ago. As is with lean, there should be 
continuous improvement. For example, to reduce frequency of 
machine breakdowns the managers can upskill machine 
operators to undertake routine maintenance (Aspinwall and 
Elgharib, 2013; Jain et al. 2014). Defect rate can be 
reduced by systematically implementing the Six Sigma DMAIC 
methodology, for example (Jirasukprasert et al. 2014). 
Improving scheduling to minimize breaks and idle time (Roth 
and Franchetti, 2010) are ways that can be used to improve 
the production cushion and time to adjust production. 
Through the implementation of 5S to reduce the time workers 
spend looking for setup tools is one way to significantly 
reduce setup time and improve manufacturing cycle time 
(Omogbai and Salonitis, 2017)
The model parameters are now adjusted to reproduce the 
situation of applying the above stated lean manufacturing 
improvements into the production system. Likely values of 
the production improvements (scenario 2.1, Table IV) have 
been assigned based on relevant lean manufacturing 
literature (Pavnaskar et al. 2003; Filho and Barco 2015) 
and the case company managers’ experience. This approach is 
in line with the ‘Framework for choosing among different 
lean-based improvement programs’, where Filho and Barco 
(2015) propose to estimate the magnitude of possible 
improvements based on experiences of employees and the 
knowledge present in literature. This former study also 
considers lean improvements to progress in an exponential 
decay over time, which has been applied as well in the 
present research. 
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Two more experiments have been run under this 
configuration, namely, a pessimistic valuation of the lean 
manufacturing enhancements (scenario 2.2, Table IV) and an 
optimistic one (scenario 2.3, Table IV). These two 
scenarios are meant to test the sensitivity of the 
improvements of the lean policies.
Table IV. Modifications of the model parameters for scenario 2
The simulation results indicate that the backlog is 
steady and flat for scenarios 2.1 (Fig. 10b) and 2.3 (Fig. 
10d), whereas the experiment 2.2 (Fig. 10c) resulted in a 
slow ramp of the order stock level. This indicates that, in 
case the lean improvements were partially realised, the 
production process could hardly assimilate the external 
demand over time. Lead times remained constant as expected, 
and agreed lead time tended to incline to the values of 
actual lead time since the production cushion was being 
progressively reduced – see Figure 11b to d. Both figures 
therefore indicate that the lean enhancements augmented 
throughput sufficiently, see Figures 12b-d. Two mechanisms 
influence the throughput. Firstly, the production capacity 
grows as a result of the cycle time decreasing; secondly, 
the improved defect and breakdown rates contribute to 
augment the effective capacity by eliminating waste.
Regarding the customer satisfaction, the lean strategy 
included improvements to three of the components that 
directly impact on the customer satisfaction variable, 
namely: the printing quality in terms of print clarity and 
sharpness, lead time and on time shipments relative to 
other producers. As observed in Figure 13 b to d, the 
shrinking tendency of the customer satisfaction in the base 
run changed for the lean scenario. The outcomes of the 
experiments clearly demonstrate that the lean production 
would positively affect to the customer satisfaction. 
Conversely, the results also suggest that the effects of 
the lean practices might be insufficient for rising the 
levels of customer satisfaction significantly.
Lastly, Figure 14 b to d shows that the market share 
continued upward for the three experiments under the lean 
improvement situation. The scenario 2.2 (Fig. 14c) showed a 
slowdown of the market share towards the month 60. This 
suggests that a reduced efficacy of the lean practices 
could result into capacity overloads of the production 
system. Overall, these results indicate that the 
consequences of lean production contribute to maintain 
business growth and competitiveness in both the short and 
long term.
4.3.3 Scenario 3: Optimisation of lead time
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For the present study, the optimisation experiment 
consisted on finding the optimal set of lean improvements 
that minimised lead-times. Therefore, the objective 
function was set to minimise lead time. Table V presents 
the maximum and minimum values for each parameter included 
in the test. Logically, those parameters are the ones 
previously identified as representative of the lean 
improvements in Table III. For the optimisation experiment, 
the type of every parameter was specified as continuous 
since the model aimed to evaluate behavioural patterns over 
time. In order to avoid the initial distortions of the 
simulation launch, a requirement of accumulated profit 
higher than 750 was set in the configuration of the test.
Table V. Parameter ranges for the optimisation scenario
The optimisation experiment was run for 500 iterations. 
For each iteration, the optimisation algorithm varies the 
parameter values, evaluates if the resulting lead-time is 
the minimum so far and checks whether the solution meets 
the requirement for the accumulated profit. The objective 
function did not improve significantly after 383 
iterations.
The optimum lead-time was 0.129 months (3.87 days). To 
minimise lead time requires augmenting the throughput while 
maintaining the level of the backlog low. As expected, the 
lowest breakdown and defect rates and the maximum value for 
capacity turned into the best possible lead time, since 
they increase throughput (see Table VI). However, the 
experiment resulted in a very short production cushion 
despite the fact that it is not directly connected to the 
lead time values. Interestingly, the value for the time to 
adjust production was far from the minimum possible in its 
range, which is counterintuitive: longer intervals to react 
to demand changes would result in greater backlog levels. 
This behaviour can be understood under a situation of 
complete capacity utilisation. If the system is fully 
loaded, then it would produce at its maximum rate at every 
moment and, as a consequence, the time to adjust production 
would lose relevance.
Table VI. Parameter values for the optimum lead time
In summary, these results suggest that the current 
business scenario might be insufficient for accommodating 
the external demand in the medium- and long-term. According 
to the experiments performed, lean improvements when 
sustained over time seem to be enough for, at least, 
maintaining the position of the case company in its market. 
Other experiments could be done by changing the objective 
function and/or the configuration of parameters. 
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Considering previous studies, the next section reviews the 
results of the model and discusses their implications.
5. Discussions
5.1 Modelling methodology
Several prior studies have noted the convenience of 
combining system dynamics and other modelling techniques, 
e.g. discrete event simulation, for designing and assessing 
business processes (An and Jeng, 2005). However, as Reiner 
(2004) claimed, process performance measures and process 
improvement initiatives should be evaluated under 
consideration of broader business aspects such as customer 
implications. In fact, system dynamics can potentially 
provide insights about the consequences of introducing a 
concrete change of a business process for the rest of the 
firm elements. Recent works have utilised the business 
model canvas as the foundation of system dynamics models 
(Camila Romero et al. 2015; Groesser and Jovy, 2015). 
Meanwhile, Groesser and Jovy (2015) highlighted the pros 
and cons of using system dynamics modelling as a strategy 
tool for decision making. As one of the main disadvantages, 
the complexity of the system dynamics models can be 
overwhelming for the eventual users of the model. 
In consequence, the present study has proposed a novel 
method for structuring system dynamics models aimed at 
assessing strategic initiatives at a firm-level. The model 
has been developed using the method of partial modelling, 
which consists in dividing a complex model into various 
smaller sub-parts. For doing so, this research has adapted 
the stock and flow diagram of a generic business model 
logic as suggested by Abdelkafi and Täuscher (2016) in 
their article about business models for sustainability. 
Therefore, the proposed model structure has been divided 
into three sub-models, specifically, customer value 
proposition, value creation and value capture sub-models. A 
reinforcing feedback loop between each pair of them governs 
the growth of a generic firm. This general structure has 
been embedded into the modelling methodology applied in the 
study. 
At the same time, the specific dynamic variables and 
their relationships have been determined based on the 
strategic policy to be assessed and the canvas business 
model of the firm. The nine elements of the canvas business 
model fall neatly into the three sub-model structures 
(Bocken et al. 2015). To the author’s knowledge, the 
combination of these two tactics, the tripartite structure 
of generic business model logic and the canvas business 
model, has not been applied before in system dynamics 
modelling. This novel approach presents several advantages. 
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 Firstly, it reduces the complexity for the modeller of 
building a firm-level model as it initially provides a 
configuration for the model and divides it into 
smaller sub-models.
 Second, the method takes advantage of the canvas 
business model for both collecting data, and 
structuring the model variables associated to each 
element of the canvas.
 Third, due to its simple structure, the model 
facilitates the final users’ understanding of its 
behaviour and therefore fosters its usability. 
 Lastly, the business generic nature of the modelling 
method makes it applicable for any firm.
A case study approach was adopted to conduct this 
exploratory study. The system dynamics model set out with 
the aim of assessing the consequences of introducing lean 
manufacturing into a print packaging manufacturer. 
5.2 Insights from the case study
Once the system dynamics model was developed and validated, 
real data from the case company was inputted in order to 
perform experiments under different prospective scenarios. 
The following findings emerged from the simulation results.
The level of the order backlog fluctuated progressively 
more over time. This suggests that the production system, 
when fully loaded, is more vulnerable to variations of the 
demand. The growth trend of the market share quickly 
decayed and ultimately turned into a declining tendency. It 
is possible, therefore, that the case company might not 
remain leader in its market under these conditions, as it 
will not be able to cope with the increasing demand in the 
long run. 
These conclusions are in agreement with those obtained by 
Uribe (2008) for a print company, which demonstrate that 
inflexible processing capacity leads to fluctuations in the 
production backlog, turn time and on-time service metrics. 
Also, this previous study corroborates the idea that 
increasingly higher order volumes result in a collapse of 
the print processes.
As the throughput maintained moderate oscillations over 
time, the effects of the lean policies might not be 
sufficient for sustaining a stable production. This may be 
due to the randomness of customer order frequency and order 
sizes. Other results show that lean production would 
positively affect the customer satisfaction since it 
improved in the three experiments however marginally, 
suggesting that the effects of the lean practices might be 
insufficient to significantly raise the levels of customer 
satisfaction. This is likely the case since lean 
manufacturing alone may be insufficient to improve customer 
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satisfaction, when other customer needs such as price and 
dispatch service rate are not addressed as well. Under a 
pessimistic valuation of the lean manufacturing 
enhancements, the market share stagnated at a certain point 
in time. This suggests that the efficacy of the lean 
practices to improve market share could reduce after a 
certain time. This is not surprising since market share is 
not entirely dependent on improved production process only, 
but on a host of other business initiatives such as 
discounts and advertisements. In other words, other 
business-related initiatives such as price discounts and 
advertisements may be considered to supplement lean efforts 
if the company is to sustain and even improve its market 
share in the long run.
These observed limitations of the lean policies are 
consistent with the research of Done et al. (2011). In the 
context of resource-limited small and medium sized 
enterprises (SMEs), they argue that improvement programs, 
such as lean practices, are unlikely to develop sufficient 
capability for long-term success in SMEs without external 
ongoing support. Our findings are also in alignment with 
those of Netland and Ferdows (2016): that tangible benefits 
arising from lean implementation may be rapid initially, 
but tend to taper off on the long-run.
The time to adjust production parameter did not behave as 
expected, which can be understood under a capacity overload 
situation. If the manufacturing system is producing at its 
maximum rate at every moment, then very little adjustments 
would be necessary. Thus, the time to adjust production 
would lose relevance for minimising the lead time. Such 
reasoning was not encountered in relevant papers regarding 
lead-time improvements (Filho and Barco, 2015).
The type of information that was generated in the current 
research using the system dynamics modelling could not have 
been achieved using any other means. An acclaimed tool for 
investigating the opportunities for lean is the Value 
Stream Map (VSM). The VSM on its own does not account for 
the many aspects that the system dynamics approach was able 
to model, for example the value proposition aspect (see 
Fig. 7). Meanwhile, many tools for investigating lean such 
as the Lean Enterprise Self-Assessment Tool (Nightingale 
and Mize, 2002) and the Lean Sensei Tool (AME 2017), are 
ideally suited for providing information about the current 
state of lean in the system, but are imprecise in 
predicting what the system outcome will be for various lean 
interventions. Meanwhile, Narayanamurthy and Gurumurthy 
(2016) contend that future works relating to the 
investigation of lean should be focused on linking the 
degree of lean implementation to operational performance. 
We believe the current research effort is in this 
direction.
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As initially targeted, the simulation findings help to 
understand how the case company might perform under the 
strategy of lean manufacturing improvements. The use of SD 
modelling in lean manufacturing-related research has been 
on-going (Thun, 2004; Hallam et al., 2009; Ali and Deif, 
2016; Omogbai and Salonitis, 2016; Gupta et al., 2018; 
Omogbai and Saloniti, 2017). The approach taken in the 
current study is different because a high-level analysis of 
the operational dynamics is undertaken, rather than a 
detailed one. By so doing, data requirements for the model 
is not as heavy or detailed as would be needed to model the 
plant operations, for example. With the current approach, 
decisions concerning the business implication of lean 
improvements can be quickly taken.
The simulation results provide an indication of how 
improvements in lean practices would impact overall 
business performance. For example, if the company was 
considering increasing its market share, then Scenario 2.1 
or 2.3 should be considered, see Figure 14. However, 
because both scenarios return similar market share trends, 
the company may implement the policy that requires less 
effort, i.e. Scenario 2.1. This makes better economic sense 
if less can be made to achieve the same where more may also 
be used. Table IV lists out the lean improvement scenarios, 
which can also be used as lean improvement targets per 
year. So, if the policy is to implement Scenario 2.1 where 
defect rate is to be reduced by 10% per year, then the 
plant managers can aim to improve work-related practices 
that can be used to achieve this target. These may include 
improving machine maintenance to reduce defective outputs 
as a result of machine inefficiency and training machine 
operators on how to prevent defective outputs during 
processing.
In the current research, a case study has been used to 
demonstrate an approach for analysing lean manufacturing 
strategy using system dynamics modelling of the company’s 
business model. The approach itself is applicable to a 
variety of settings including services and product 
development. This is because BMC and SD are both widely 
used modelling and analysis tools and they are not case- or 
industry specific. Although the SD simulation model was 
built for the case, it includes variables and concepts that 
are relevant to most types of production settings. For this 
reason, we believe the developed SD model is applicable to 
a variety of production-related cases, irrespective of 
company size or nature of products. 
5.3 Limitations of the research
This research has argued that its modelling method can 
facilitate both the modeller’s work of building the model 
the final users’ understanding of the model. However, it is 
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important to point out that, because the intrinsic 
complexity of multi-loop feedback systems, system dynamics 
are not easy to master (Forrester, 2007b). Furthermore, the 
findings and interpretations derived from the simulation 
results should be taken carefully. The modelling process is 
based on subjective mental models and hypothesised feedback 
loops, which might be difficult to fully validate. As 
Sterman (2000) mentions, a central principle of system 
dynamics is to examine issues from multiple perspectives. 
For instance, because of its complexity, the investment 
implications of the lean practices could not be estimated 
and have not been included in the model in the case study. 
Hence, the lean strategy should be complemented by a 
financial assessment. It is also important to notice that 
the business model canvas does not contemplate every 
stakeholder in the business. Ideally, the policies under 
consideration should therefore be object of a broader 
stakeholder analysis.
System dynamics models can never be comprehensive, 
modelling is the art of simplification (Sterman, 2000). 
Consequently, the model boundaries – such as supply chain 
influences or market growth mechanisms – limit the 
applicability of the model to just the particular objective 
of evaluating lean manufacturing policies as means of 
sustaining business growth. Still, the variables included 
in the model have been agreed with the case company and 
then validated through the model development process. The 
borders of the model are relevant to its purpose and ensure 
the model scope is feasible. Models are never final but 
provisional, other variables and relationships could be 
incorporated to capture further dynamics.
Precisely because the model has been designed to fit for 
purpose, the evaluation of other different strategies in 
the case company would require to construct a new system 
dynamics model. However, if the model objective is to 
evaluate the consequences of the strategy at a firm-level, 
the model general structure and some of the defined 
relationships might remain invariable. This relies on the 
generality of the applied modelling methodology: the 
business model canvas captures the key features of the 
business case, and the reinforcing feedback loops between 
each pair of them are generic. The present research has 
just analysed a single case study of a print packaging 
manufacturer; thus, the model might not be significant for 
other businesses. Yet, the modelling approach is generic 
and potentially applicable to any other business scenario.
Lastly, SD like other simulation modelling methods, 
requires one to set the model scope i.e. what is exogenous 
and what is endogenous (Sterman, 2000). In simulation 
modelling, one cannot completely rule out the effect of 
model uncertainties as a result of changes in variables 
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considered as out of scope such as changes in manager and 
worker behaviours and attitudes towards lean or the effect 
of competitors adopting similar strategies. The fact that 
these were not modelled does not mean they do not or cannot 
impinge on the business and overall performance. It simply 
gives one the impetus to use the baseline top-level model 
presented in the current study to delve into more detail if 
one needs to model other factors. So, in a way, the system 
dynamics approach enables one to validate strategic 
business plans, before developing detailed operational-
level details. Using the approach described in the current 
study to progress from the strategic to the operational 
level would be an interesting area to research further. 
6. Conclusions and future outlook
The main goal of the current study was to assess the 
impact of lean manufacturing strategies on business 
performance, taking into consideration the business model 
of the organization. A case study was used for this 
purpose; the key components of the business were depicted 
using a business model canvas. The system dynamics model 
was developed according to stock and flow diagram of a 
generic business model logic. The model was used to 
establish the operational and competitive outcomes of 
various lean improvement strategies. The research provides 
a framework for applying the modelling method, which 
contributes to the field of knowledge. From the case study 
findings, it is recommended that the case company further 
improve lean practices performance as a way of improving 
manufacturing performance. This would indirectly improve 
business performance in the area of customer satisfaction 
and market share in the short-run. In fact, the BMC can be 
amended such that the value proposition is focused more on 
lean manufacturing practices. In the long term, lean 
practices improvements may have only marginal impact on 
business performance, and the company may need to look 
elsewhere such as price discounts and improved delivery 
rate, if the long-run business performance is to be 
sustained or improved. The detailed lean implementation 
plan that would lead to the expected improvements in 
business performance for the case company is being 
considered in future works. 
Although the present study is based on a single case 
study, it serves as an empirical example of a real business 
applying system dynamics as a strategic planning tool. More 
research is needed to state that the businesses applying 
system dynamics systematically produce better results than 
those that are not using it (Groesser and Jovy, 2015). The 
proposed modelling method should be repeated in other 
businesses to validate its benefits. Future investigation 
might explore how the system dynamics models could be used 
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in conjunction with traditional tools for analysing 
business strategies.
The manufacturing operations of the case study is a make-
to-order type for print packaging production. Although the 
SD model was built with generality in mind, it remains to 
be reproduced in other settings to test its replicability. 
A number of business models are used for assessing lean 
implementing organizations such as Shingo Prize Model, 
European Foundation for Quality Management Model, Malcolm 
Baldridge Model and Balanced Score Card. It would be 
interesting to know how these models can be elaborated 
using SD the way the BMC was elaborated in the current 
study, and used to establish the impact of lean 
improvements that have been suggested using the models. 
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Figure 1. The Business Model Canvas (Osterwalder and Pigneur, 2010)
Figure 2. The proposed modelling methodology
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Figure 4. Business Model Canvas of the Case Company
Figure 5. Value proposition sub-model for the case company
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Figure 6. Value creation sub-model for the case company
Figure 7. Value capture sub-model for the case company
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Figure 8. System dynamics model of the case study company depicting its business model
Figure 9. Table Function depicting the relationship between customer satisfaction and relative lead time
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Figure 14. 5-year trend depicting market share: (a) current baseline; (b) scenario 2.1; (c) scenario 2.2; (d) 
scenario 2.3
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Table I. Representative studies relating to SD/BMC, Lean/SD and 
Lean/BMC
SD/BMC Lean Manufacturing/SD Lean manufacturing/BMC
Groesser and Jovy 
(2015) 1
Abdelkafi and 
Täuscher (2016) 2
Thun (2004)3
Ali and Deif (2016)4
Omogbai and Salonitis 
(2016)5
Omogbai and Salonitis 
(2017)6
do Rosário Cabrita et 
al. (2016) 7
1e-Commerce; 2Sustainability; 3Total Productive Maintenance; 
4Production system; 5Production system; 65S lean tool; 7Integrating 
lean, agile, resilient and green strategies with the BMC
Table II. Elements of the value proposition
Value 
proposition
Relevance (1 
– 10)
Weight (0-
1) Definition
Printing 
Quality 7 0.13
𝐷𝑒𝑓𝑒𝑐𝑡𝑅𝑎𝑡𝑒
𝐴𝑔𝑟𝑒𝑒𝑑𝐷𝑒𝑓𝑒𝑐𝑡𝑅𝑎𝑡𝑒
On Time 
Shipments 10 0.20
𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒
𝐴𝑔𝑟𝑒𝑒𝑑𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒
Timely Order 
Information 8 0.16 IT infrastructure
Relative Lead 
Time 7 0.13
𝐴𝑔𝑟𝑒𝑒𝑑𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒
𝑀𝑎𝑟𝑘𝑒𝑡𝐿𝑒𝑎𝑑𝑇𝑖𝑚𝑒
Relative 
Price 5 0.09
𝑃𝑟𝑖𝑐𝑒
𝑀𝑎𝑟𝑘𝑒𝑡𝑃𝑟𝑖𝑐𝑒
Dispatch 
service 8 0.16
𝐷𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑃𝑟𝑖𝑐𝑒
𝑀𝑎𝑟𝑘𝑒𝑡𝐷𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑃𝑟𝑖𝑐𝑒
Table III. Simulation scenarios to test with the SD model
Scenarios Description of the strategy Adjusted parameters
1. Current baseline The business status quo 
is maintained over time.
None
2. Implementation of 
lean manufacturing 
practices
A number of lean 
manufacturing 
improvements are 
simultaneously applied 
to the production 
process
Breakdowns
Defect rate
Production cushion
Time to adjust 
production
Cycle time
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3 Optimisation of 
lead time
An optimisation 
experiment is executed 
to determine what 
production enhancements 
would minimise lead 
time.
Breakdowns
Defect rate
Production cushion
Time to adjust 
production
Cycle time
Table IV. Modifications of the model parameters for scenario 2
Lean improvements* per year
Parameter Current value Scenari
o 2.1
Scenario 
2.2
Scenario 
2.3
Breakdowns 42 (breakdowns/month) 8% 4% 12%
Defect rate 0.08 (ratio of faulty orders) 10% 5% 15%
Production 
cushion 2 (days) 15% 7.5% 22.5%
Time to adjust 
production 4 (days) 12% 6% 18%
Cycle time 0.0019 (months between orders) 5% 2.5% 7.5%
*All the modifications are reductions of the current parameter values
Table V. Parameter ranges for the optimisation scenario
Parameter Type Current value
Minimum 
value
Maximum 
value
Breakdowns Continuous 42 38 46
Defect rate Continuous 0.08 0.072 0.088
Production cushion Continuous 0.095 0.081 0.109
Time to adjust 
production
Continuo
us 0.224 0.197 0.241
Capacity* Continuous 525 499 551
*Due to decimal figure limitations of the AnyLogic software, the cycle time parameter 
(0.001904) was adapted into a capacity parameter as follows: 1/0.001904=525. The model 
results are not affected by this adjustment.
Table VI. Parameter values for the optimum lead 
time
Parameter Values for optimum lead time
Breakdowns 38
Defect rate 0.076
Production cushion 0.083
Time to adjust 
production
0.211
Capacity 551
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Appendix 1. Description and values of model parameters 
 
SD Parameter Interpretation in real business Value (units) 
Agent Effectiveness 
Constant fraction of potential adopter population that 
place an order as a result of the advertising of the sales 
agents 
0.0015 (n/a) 
Agreed Defect Rate Contractual rate of defects agreed with the customer 0.01 (n/a) 
Breakdowns Average number of breakdowns per month 42 (breakdowns) 
Cycle Time 
Time between the completion of job orders (equivalent 
to Takt Time) 
0.0019047 (months) 
Defect Rate Rate of faulty orders 0.08 (n/a) 
Dispatch Service Rate 
Fraction of orders that are shipped through the 
dispatching service 
0.10 (n/a) 
Dispatch Service Price 
Surcharge applied to the order price for the dispatch 
service 
0.04 (n/a) 
IT Infrastructure 
Considers whether there is IT infrastructure in place to 
report the state of the orders to customers or not 
0 (binary) 
Manufacturing Cost Cost of producing one standard order £22 
Market Dispatch 
Service Price 
Average surcharge in the market applied to the order 
prices for dispatch services 
0.03 (n/a) 
Market Growth 
Growth of the market in terms of number of new 
potential customers per month 
25 (customers) 
Market Lead Time Average time to produce a standard order in the market 0.2381 (months) 
Market Price Average price of one standard order in the market £160 
Mean Time to Repair Time spent in repairing broken down machines 0.00397 (months) 
Minimum Lead Time 
Time to produce a standard order when the production 
line is idle 
0.04762 (months) 
Number of Orders 
Average number of different job orders that a customer 
places with every order 
1.8 (orders) 
Non Regular Purchase 
Rate 
Rate at which non-regular customers place job orders 0.0833 (orders) 
Other Costs 
Associated costs of manufacturing one standard order 
such as overheads and salaries 
£7 
Price Price of one standard order £160 
Production Cushion 
Safety time cushion added to the target lead time that is 
offered to customers 
0.09524 (months) 
Time to Adjust 
Production 
Required time period to adjust the production to 
demand changes 
0.2 (months) 
WOM Effectiveness 
Rate of contacts per person per month within the 
market that induce a potential customer to pl ce an 
order 
0.0030 (n/a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 2. List of equations 
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1.				AdoptionRate = CapacityUtilisation < 99	? AdoptionFromAgents	 + 	AdoptionFromWOM!:	0	 1. 
2.				AdoptionFromAgents = PotentialCustomers ∗ AgentEffectiveness 
3.				AdoptionFromWOM = WOMEffectiveness ∗ PotentialCustomers ∗ Customers/	PotentialCustomers +
Customers!  
4.				LossRate = delaymaxCustomers ∗ 1 − CustomerLoyalty!/100,0!,6!2. 
5.				EntryRate = MarketGrowth 
6.			RelativeLeadTime = AgreedLeadTime/MarketLeadTime 
7.				PrintingQuality = DefectRate/AgreedDefectRate 
8.				OnTimeShipments = LeadTime/AgreedLeadTime 
9.				OrderInformation = ITinfraestructure 
10.		RelativeLeadTime = AgreedLeadTime/MarketLeadTime 
11.		RelativePrice = Price/MarketPrice 
12.		RelativeDispatchService = DispatchPrice/MarketDispatchPrice 
13.  
CustomerSatisfaction	 = 	OrderInformation ∗ 0.18 + 	RelativeLeadTime_lookup_. getRelativeLeadTime!	∗
	0.16	 + 	OnTimeShipments_lookup_. get	OnTimeShipments	! 	∗ 	0.22	 +
	RelativePrice_lookup_. getRelativePrice! 	∗ 	0.11	 + 	PrintingQuality_lookup_. getPrintingQuality! 	∗ 	0.15	 +
	DispatchService_lookup_. getDispatchService!	∗ 	0.18	 
14.		CustomerLoyalty = 0.75 + 0.58 ∗ CustomerSatisfaction/100 − 	0.67! 
15.		OrderEntryRate = CapacityUtilisation < 99? smoothRegularPurchaseRate ∗ Customers ∗ 0.175 +
	NonRegularPurchaseRate ∗ Customers ∗ 0.825	 + 	InitialPurchaseRate!,1!: RegularPurchaseRate ∗
Customers ∗ 0.175 2. 
16.		RegularPurchaseRate = 1/TimeBetweenOrders!		 
17.		TimeBetweenOrders = lognormal0.0814,0.958,0.238! 
18.		InitialPurchaseRate = AdoptionRate 
19.		TargetLeadTime = maxMinimumLeadTime, CycleTime ∗ OrderBacklog + SizeFactor!  
20.		AgreedLeadTime = TargetLeadTime + ProductionCushion 
21.		SizeFactor = OrderSize/89.75 
22.		DesiredThroughput = OrderBacklog/TargetLeadTime 
23.		Throughput =
maxdelayDesiredThroughput ∗ 1 − DefectRate! ∗ 1 − RepairDowntime!, TimeToAdjustProduction!,0! 1. 
24.		RepairDowntime = Breakdowns ∗ MeanTimeToRepair 
25.		Capacity = 1/CycleTime 
26.		CapacityUtilisation = 100 ∗ Throughput/1 − DefectRate! ∗ 1 − RepairDowntime!	!!/Capacity!	  
27.		Profit = Throughput ∗ ProfitPerOrder 
28.  RevenuesPerOrder = Price + DispatchServicePrice * DispatchServiceRate 
29.		CostPerOrder = ManufacturingCost	 + 	OtherCosts 
39.		ProfitPerOrder = RevenuesPerOrder	 + 	CostPerOrder  
 
1The flows of Adoption Rate and Order Entry Rate include if-conditions for limiting the number of customers and incoming orders 
when the capacity utilisation reaches 99%. The structure in AnyLogic of the if-statement is: ‘(Condition) ? (Value if condition is 
true) : (Value if condition is false)’. 
2The flows of Loss Rate and Throughput were guaranteed to be positive using the structure of ‘max(flow_value,0)’. 
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